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1

BIODEGRADABLE THERMOGELLING
POLYMER

CROSS-REFERENCE TO RELAT
APPLICATION

T
»

This application claims benefit and priority from U.S. pro-
visional patent application No. 60/791,199, filed on Apr. 12,
2006, the contents of which are incorporated herein by refer-
ence.

FIELD OF THE INVENTION

The present invention relates generally to polymers, and
particularly to biodegradable, thermogelling polymers.

BACKGROUND OF THE INVENTION

Polymer systems are being developed for various 1n vivo
applications, including delivery vehicles for controlled
release of drugs when implanted in a subject’s body. Such
systems are particularly useful for therapeutic biomolecules
such as proteins or peptides, which tend to be very sensitive to
degradation within the body. Polymer systems can be
designed that exhibit altered properties 1 response to
changes 1n environment, such as changes 1n temperature, pH
and surrounding solution conditions.

In particular, the synthesis of thermogelling polymers has
attracted much attention because of their suitability for appli-
cations such as drug delivery and tissue engineering (1-6).
Bioactive agents can be incorporated 1n the solution state at
low temperatures, which can then be 1njected 1n vivo where
the higher body temperature induces formation of a gel depot.
This depot can be used for the controlled release of the bio-
active agents. Biodegradability of the polymers 1s advanta-
geous, since degradation of the polymer mto smaller frag-
ments allows for subsequent removal of the polymer from the
body. Low critical gelation concentration (“CGC™) 1s also
preferred, as lower concentrations of polymer can be used to
create a gel, resulting 1n smaller amounts of polymer being
implanted 1n a subject.

As an example of thermogelling polymers, Pluronics™ or
Poloxamers™, the triblock copolymers of poly(ethylene gly-
col)-poly(propylene glycol)-poly(ethylene glycol) (PEG-
PPG-PEG), have been widely imnvestigated for controlled drug
delivery (6, 7), wound covering (8), and chemosensitizing for
cancer therapy (9). However, these polymers generally have a
high CGC, typically 15-20 wt % or above, exhibit poor resil-
ience, and tend to exhibit burst effect 1n the release of bioac-
tive agents. These shortcomings have made this system
unsuitable for many biomedical applications (10-11). More-
over, Pluronics™ copolymers are non-biodegradable and
have been reported to induce hyperlipidemia and increase the
plasma level of cholesterol 1n rabbits and rats, suggesting that
its use 1n the human body may not be an attractive option
(12-14).

Attempts have been made to lower the CGCs of a ther-
mogelling copolymer containing Pluronics™. By grafting
Pluronic™ to poly(acrylic acid), polymers having very low
CGCs (0.1 wt %) have been synthesized (15-18). However,
these polymers are non-biodegradable and clearance from the
body could be difficult.

High molecular weight multi-block Pluronics™ with a
short junction linkages have been synthesized and found to
exhibit lower CGCs than Pluronics™ (19-20).

Cohn et al. have synthesized reverse thermogelling multi-
block copolymers based on PEG, PPG and oligo-caprolac-
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tone (21). These biodegradable copolymers exhibited CGCs
of 10 wt %; the incorporation of oligo-caprolactone segments
lowered the CGCs of the copolymers as compared with the
PPG/PEG multi-block copolymers. The viscosities of the gels
were also lowered compared with the PPG/PEG multiblock
copolymers.

Pluronic™ analogs were developed where the middle PPG
block was replaced by a biodegradable polyester such as
poly(e-caprolactone) or poly(L-lactide). Although the CGCs
of such polymers occur 1n a similar range compared to Plu-
ronics™ (22), these polymers are more useful 1n biomedical
applications because of their biodegradability.

Thus, there exists a need for a biodegradable, thermogel-
ling polymer that exhibits a lower CGC compared to existing
polymers such as Pluronics™,

SUMMARY OF THE INVENTION

There are presently provided novel polymers comprising

blocks of poly(ethylene glycol) (PEG), poly(propylene gly-
col) (PPG) and poly(hydroxybutyrate) (PHB). The multi-
block polymers are biocompatible, biodegradable, have ther-
mogelling characteristics and have relatively low critical
gelling concentrations, making them suitable for various 1n
vivo applications, including as scaffolding, wound coverings
and drug delivery vehicles. In particular, the novel polymers
are suitable for formulation 1n 1njectable drug systems, which
can be formulated at low temperatures and which form a gel
depot in situ upon subcutaneous 1njection 1n a subject’s body.

In one aspect, there 1s provided a polymer comprising
blocks of at least one poly(ethylene glycol) block, at least one
polypropylene glycol) block and at least one poly(hydroxy-
butyrate) block.

In another aspect, there 1s provided a composition compris-
ing a polymer as described herein and a therapeutic agent.

In yet another aspect, there 1s provided a method of making,
a polymer comprising at least one poly(ethylene glycol)
block, at least one poly(propylene glycol) block and at least
one poly(hydroxybutyrate) block, the method comprising
reacting poly(hydroxybutyrate)-diol, poly(ethylene glycol)
and poly(propylene glycol) with a diisocyanate.

In yet another aspect, there 1s provided a method of deliv-
ering a therapeutic agent to a subject, the method comprising
delivering a composition as described herein to the body of a
subject.

In yet another aspect, there 1s provided use of a polymer as
described herein for delivering a therapeutic agent to the body
of a subject or use of a polymer as described herein 1n the
manufacture of a medicament for delivering a therapeutic
agent to the body of a subject.

Other aspects and features of the present mvention will
become apparent to those of ordinary skill in the art upon
review of the following description of specific embodiments
of the 1invention in conjunction with the accompanying fig-
ures.

BRIEF DESCRIPTION OF THE DRAWINGS

In the figures, which 1llustrate, by way of example only,
embodiments of the present invention,

FIG. 1 1s a schematic representation of a synthesis mecha-
nism for PHB-diol and poly(PHB/PEG/PPG urethane)s;

FIG. 2 are GPC diagrams of EPH2 and its PHB, PEG, and
PPG precursors: (a) PHB-diol (M, 1080); (b) PEG(M_ 1890);
(c) PPG (M, 2180); and (d) EPH2 (M, 62.8x10°, M 45.5x
10°, M. /M, 1.38);
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FIG. 3 (A) 400 MHz 'H NMR and (B) 100 MHz "°C NMR
spectra of EPH2 1n CDClj;

FI1G. 415 FTIR spectra of EPH2 and 1ts PHB, PEG and PPG
precursors: (a) PHB-diol (M, 1080); (b) EPH2; (c) PPG (M,
2180); and (d) PEG (M, 1890);

FIG. 51s TGA curves of EPH2 and 1ts PHB, PEG and PPG
precursors: (a) PHB-diol (M 1080); (b) PEG (M_ 1890); (¢)
PPG (M, 2180); and (d) EPH2;

FI1G. 6 15 a) UV-vis spectra changes of DPH with increasing,
EPH?2 copolymer concentration 1n water at 25° C. DPH con-
centration was fixed at 6 mM and the polymer concentration
varied between 0.0001 and 0.5 wt %. The increase in the
absorbance band at 378 nm indicates the formation of a
hydrophobic environment 1n water; and b) CMC determina-
tion by extrapolation of the difference 1n absorbance at 378
nm and 400 nm;

FIG. 7 is "*C NMR spectra of EPH2 (5 wt %) in (a) CDCI,
and (b) D,O at 25° C;

FIG. 8 1s a schematic depiction of an associated micelle
model showing the network-like packing of the polymer
chains;

FIG. 9 (a) Graphics showing the gel transition of poly
(PHB/PEG/PEG urethane)s (EPH2: 5 wt % i H,O) with
increasing temperature. The transition from a clear sol to a gel
to a turbid sol 1s observed 1n the graphics. (b) Sol-gel phase
diagrams of poly(PHB/PEG/PPG urethane)s in aqueous solu-
tions in comparison with Pluronic F127 (A: EPH1, l: EPH2,
¢: EPH3 x: EPHS *: Pluromic F127);

F1G. 10 is '°C NMR of EPH2 in D, O (5 wt %) at different

temperatures;

FIG. 11 1s viscosity versus temperature curves of different
concentrations of EPH2 1n aqueous solution (2-7 wt %) 1n
comparison with Pluronics F127 (20 wt %) at shear rate 01 9.6
s

FIG. 12 1s BSA protein release profiles from the polymer
hydrogels according to embodiments of the invention 1n com-
parison with the Pluronic F127 hydrogel;

FIG. 13 1s photographs of growth of L929 cells on the
surface ol F127 gel surface [A: 20 wt % B: 15 wt % C: 10 wt
% D: 5wt% E: 2.5 wt % F: 1.25 wt % G: Growth on cell
culture dish H: Phenol (0.1 wt %)];

FIG. 14 1s photographs of growth of 1.929 cells on the
surface of EPH gels at diflerent incubation days;

FIG. 135 1s a graph depicting results of cytotoxicity testing,
of different concentrations of EPH and F127 polymer by
MTT Assay:;

FIG. 16 1s a graph depicting cytotoxicity testing of F127
gel release products obtained at different time periods by
MTT assay; and

FI1G. 17 1s a graph depicting cytotoxicity testing of EPH gel
release products obtained at different time periods by MTT
assay.

DETAILED DESCRIPTION

In one aspect, there 1s presently provided a multiblock
polymer comprising at least one block of PEG, at least one
block of PPG and at least one block of PHB. The polymer
contains hydrophilic blocks contributed by the PEG and the
PPG and hydrophobic blocks contributed by the PHB.

The PEG and PPG blocks are biocompatible and clearance
from the body 1s possible for blocks of lower molecular
weight, for example about 10,000 g.mol™'. PEG provides
hydrophilic blocks that can absorb and retain large quantities
of water, while PPG blocks are highly thermosensitive and
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provide a balanced hydrophobicity and hydrophilicity at dii-
ferent temperatures, facilitating the formation of a ther-
mosensitive hydrogel.

PHB 1s a natural biopolyester that degrades to give 3-hy-
droxybutyric acid, which 1s a trace component in the human
blood. PHB 1s highly crystalline and highly hydrophobic,
showing a greater hydrophobicity than either poly(lactic
acid) or poly(e-caprolactone) (23). Incorporation of PHB
blocks interspersed with PEG and PPG blocks allows for the
formation of physical crosslinking in the hydrogel, increasing
its resilience. Additionally, PHB blocks provide biodegrad-
able segments at intervals along the polymer backbone, facili-
tating the degradation of the polymer into smaller fragments
and subsequent removal of the polymer from the body.

The PEG blocks incorporated 1nto the polymer may have a
number average molecular weight (M, ) of about 10 000
g.mol™' or less, about 8 000 g.mol™" or less, about 5 000

g.mol™' or less, about 3 000 g.mol™"' or less, about 2 000
~1

gmol™ or less, about 1 000 g.mol™' or less, about 800
g.mol™ or less, about 400 g.mol™" or less, or about 200
g.mol™" orless. Ina particular embodiment, the PEG used has

an M, of about 2 000 g.mol™" or less. PEGs of various sizes
are commercially available and can readily be used 1n the
present polymer.

The total amount of PEG 1n the polymer may be about 65
wit % or less, about 60 wt % or less, about 55 wt % or less, or
about 50 wt % or less. In particular embodiments, the total
amount of PEG incorporated into the polymer 1s from about
50 wt % to about 65 wt %, or from about 55 wt % to about 65
wt %. In particular embodiments, the total amount of PEG 1s
about 56.3 wt %, about 57.0 wt %, about 59.0 wt %, 61.6 wt
%, about 63.3 wt %, or about 64.0 wt %. Unless otherwise
specified, a weight percentage of a particular component of
the polymer means that the total weight of the polymer 1s
made up of the specified percentage of monomers of that
component. For example, 65 wt % PEG means that 65% of the
weilght of the polymer 1s made up of PEG monomers, which
monomers are linked into blocks of varying lengths, which
blocks are distributed along the length of polymer, including
in a random distribution.

Since the PEG blocks contribute hydrophilicity to the poly-
mer, increasing the length of the PEG blocks or the total
amount of PEG 1n the polymer will tend to make the polymer
more hydrophilic. Depending on the amounts and propor-
tions ol the other components of the polymer, the desired
overall hydrophilicity, the desired CGC, and the nature and
chemical functional groups of any drug or therapeutic agent
that may be mncluded in a formulation of the polymer, a skilled
person can readily adjust the length (or M, ) of the PEG blocks
used and/or the total amount of PEG incorporated into the
polymer, 1n order to obtain a polymer having the desired
physical and chemical characteristics.

The PPG blocks incorporated into the polymer may have a
number average molecular weight (M ) ot about 10 000
g.mol™' or less, about 8 000 g.mol™" or less, about 5 000
g.mol™" or less, about 3 000 g.mol™' or less, about 2 000
gmol™' or less, about 1 000 g.mol™' or less, about 800
gmol™' or less, about 400 g.mol™" or less, or about 200
g mol™" or less. In a particular embodiment, the PPG used has
anM, ofabout2 200 g.mol™" orless. PPGs of various sizes are
commercially available and can readily be used 1n the present
polymer.

The total amount of PPG 1n the polymer may be about 40
wt % or less, about 35 wt % or less, about 30 wt % or less, or
about 25 wt % or less. In particular embodiments, the total
amount of PPG incorporated into the polymer 1s from about
25 wt % to about 40 wt %, or from about 28 wt % to about 38

-1
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wt %. In particular embodiments, the total amount of PPG 1s
about 28.3 wt %, about 27.0 wt %, about 29.7 wt %, about

33.9 wt %, about 35.7 wt %, or about 37.9 wt %.

By adjusting the length of the PPG segments and the total
amount of PPG 1n the polymer, the hydrophilicity and hydro-
phobicity of the polymer at particular temperatures can be
fine tuned, resulting 1n adjustment of the gelation temperature
of the polymer. That 1s, higher amounts of PPG in the polymer
tends to result 1n a polymer that gels at a lower temperature
than a comparable polymer having lower amounts of PPG.
Thus, depending on the application for which the polymer 1s
intended and the conditions under which the polymer 1is
desired to gel, a skilled person will be able to select the
appropriate length and amount of PPG in the polymer to
obtain a polymer with the desired properties. For example, 1f
the polymer 1s to be 1njected 1n liguid form to form a gel
within a subject’s body, a gelation temperature of slight less
than body temperature, for example human body temperature
(37° C.), 1s likely preferable. However, 1f the polymer 1s to be
used as scaffolding for tissue engineering, a gelation tempera-
ture around room temperature may be preferred.

Depending on the composition of a particular polymer, the
present polymer will tend to have a gelation temperature in
the range of from about 10° C. to about 70° C. In certain
embodiments, the polymer has a gelation temperature equal
to or less than about37° C., or a gelation temperature less than
about 37° C. In certain embodiments, the polymer has a
gelation temperature equal to or less than about 22° C., or a
gelation temperature less than about 22° C.

The molar ratio of total amount of PEG to total amount of
PPG 1ncorporated into the polymer may be about 2:1 PEG:
PPG, or from about 1:1 to about 3:1. In various embodiments,
the ratio of PEG:PPG 1s from about 1.4:1 to about 2.5:1, from
about 1.7:1 to about 2.3:1, from about 1.9:1 to about 2.1:1. In
particular embodiments, the ratio of PEG:PPG 1s about 1.5:1,
about 1.6:1, about 1.9:1, about 2.0:1, about 2.1:1, or about
2.3:1. As used herein, molar ratio refers to the ratio of the
molar content of the particular type of monomers included in
the polymer. Thus, the molar ratio of PEG:PPG refers to the
rat1o of the molar amount of ethylene glycol monomers to the
molar amount of propylene glycol monomers 1n a given poly-
mer.

The PHB blocks incorporated into the polymer may have a

number average molecular weight (M ) of about 10 000
g.mol™" or less, about 8 000 g.mol™" or less, about 5 000
g.mol™' or less, about 3 000 g.mol™" or less, about 2 000
g.mol™" or less, about 1 100 g.mol™" or less, about 1 000
gmol™ or less, about 500 g.mol™" or less, or about 200
g.mol™" or less. In a particular embodiment, the PPG used has

an M, of about 2 800 g.mol™" or less or about 1 100 g.mol™"
or less. PHBs of various sizes are commercially available and
can readily be used in the present polymer.

The total amount of PIM in the polymer may be about 10 wt
% or less, about 7 wt % or less, about 5 wt % or less, or about
2.5 wt % or less. In particular embodiments, the total amount
of PHB incorporated into the polymer 1s from about 2 wt % to
about 10 wt %. In particular embodiments, the total amount of
PHB 1s about 2.1 wt %, about 5.1 wt %, about 7.1 wt %, or
about 8.1 wt %.

By adjusting the length of the PHB segments and the total
amount of PHB 1n the polymer, the amount of biodegradable
material 1n the polymer can be adjusted, as well as the critical
gelation concentration. PHB 1s hydrophobic, and the PHB
blocks likely associated to form micelles 1n solution. It will be
appreciated that 11 a PHB of higher M 1s used, then the wt %
of PHB used may be decreased, 1n order to obtain a soluble
polymer. IT the length of the PHB blocks, 1n combination with
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the total amount (wt %) of the PHB 1s too high, the polymer
may not be soluble 1n aqueous solution.

Association of PHB blocks 1n solution allows for physical
crosslinking of the PHB blocks to occur.

A particular order of the blocks within the polymer 1s not
essential, and thus the present polymer may be a random
polymer. Accordingly, the blocks of PEG, PPG and PHB need
not be arranged 1n any particular order along the polymer
backbone. As well, 11 there 1s a directionality to one or more
of the blocks, any particular block may be incorporated 1n
either orientation within the polymer backbone.

In certain embodiments, the molar ratio of total amount of
PEG to total amount of PPG to total amount of PHB incor-
porated into the polymer may be in the range of about 0.1-
10:1:0.01-1 PEG:PPG:PHB, or from about 0.1:1:1 to about
10:1:0.01 or from about 10:1:1 to about 0.1:1:0.01. In various
embodiments, the ratio of PEG:PPG:PHB 1s from about 1:1:
0.05 to about 5:1:0.05, from about 1:1:0.01 to about 1:1:1 or
from about 1:1:0.5 to about 10:1:0.5. The molar ratio of
PEG:PPG:PHB refers to the ratio of the molar amount of
cthylene glycol monomers to the molar amount of propylene
glycol monomers to the molar amount of 3-hydroxy butyric
acid monomers 1n a given polymer.

The blocks may be linked together by any chemical linkage
or functional group, including incorporation of any required
chemical groups into the polymer backbone in order to link
the blocks together. For example, 1n one particular embodi-
ment, the PEG, PPG and PHB groups are linked by urethane
linkages (also referred to as carbamate linkages). Creation of
the urethane linkages may result 1n incorporation of a mono-
mer contaiming the required reactive functional groups to
form the linkages 1nto the backbone. The monomer involved
in linking the blocks 1s preferably biocompatible, but does not
need to be biodegradable, given the presence of the PHB in
the polymer. In one embodiment, alkylene groups, for
example hexamethylene groups, may be incorporated, linked
to adjacent PEG, PPG or PHB blocks by urethane linkages.

It will be apparent that linkages other than urethane link-
ages may be used to connect the blocks within the polymer.
For example, any bi-functional species that contains two reac-
tive groups that react with free hydroxyls may be used to link
the blocks. In certain embodiments, the blocks 1n the polymer
may be linked by one or more of ester, amide, urethane,
carbonate, sulfone, anhydride, or sulphur-amide linkages.

The present polymer may be synthesized having various
welght average and number average molecular weights, as
desired. In various embodiments, the polymer has a molecu-
lar weight of about 1 000 to about 1 000 000 g.mol™". In
various embodiments, the polymer has an M, ot about 60 000
g.mol™" or less, about 55 000 g.mol™" or less, about 50 000
g.mol™" or less, about 45 000 g.mol™" or less, about 40 000
g.mol™" orless, about 35 000 g.mol~" or less, or about 30 000

g.mol™" or less. In particular embodiments, the present poly-
mer has an M, of about 30 000 g.mol™" to about 52 000

gmol™', or an M, of about 30 000 g.mol™", about 38 000
g.mol™', about 39 000 g.mol™", about 43 000 g.mol™", about
46 000 g.mol™', or about 51 000 g.mol™".

As mentioned above, the present polymers are biocompat-
ible, meaning that the polymers are non-toxic and do not, or
do not significantly 1rritate tissue or cause an inflammatory or
immune response within the body. The PHB blocks are bio-
degradable, and can naturally be broken down to produce
3-hydroxybutyric acid, resulting 1n liberation of the blocks of
PEG and PPG, which may then be easily cleared from the
body.

The present polymer may possess a CGC at elevated tem-
peratures that 1s much lower than values reported in the lit-
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erature for other thermogelling polymers, for example Plu-
ronic™ polymers. For example, aqueous solutions of various
embodiments of the polymer undergo a sol-gel-sol transition
as the temperature increases from about 4° C. to 80° C., and
exhibit a low CGC ranging from about 2 to about 5 wt % 1n
solution. In various embodiments, the polymer has a CGC
from about 1% to about 10% (wt % 1n solution), about 2% to
about 10% (wt % 1n solution), or about 2% to about 5% (wt %
in solution). Particular embodiments have a CGC of about 2
wt %, about 3 wt %, about 4 wt %, about 5 wt % 1n solution or
about 10 wt % 1n solution.

The combination of high molecular weight of the polymers
and the incorporation of PHB segments into the amphiphilic
polymers results 1n polymers with improved gel properties
compared to the Pluronics™ polymers and/or other similar
thermogelling systems.

As mentioned above, the presently described polymers
may be synthesized using commercially available PEG, PPG
and PHB to form the blocks within the multiblock polymer.
Known chemistry techniques and known reactions may be
used to link the blocks together to form the polymer. As
mentioned above, the blocks may be connected by urethane
linkages.

Thus, 1 one aspect, there 1s provided a method of manu-
facturing the present polymer, the method comprising react-
ing hydroxyl groups of PHB-diol, PEG and PPG with a diiso-
cyanate. The diisocyanate acts a coupling agent, linking the
PHB, PEG and PPG blocks via urethane linkages between the
diisocyanate and a hydroxyl group on the end of a relevant
block.

The PHB-diol may be synthesized as described (24-26).
Briefly, PHB can be obtained commercially and can be trans-
esterified to form PHB-d1ol (telechelic hydroxylated PHB),
for example by using dibutyltin dilaurate as a catalyst 1n
diglyme.

PHB-diol, PPG and PEG are mixed in the desired ratio
under anhydrous conditions in a suitable solvent. For
example, the solvent may be anhydrous dichloroethane.

A duisocyanate 1s added to the solution, at a molar ratio of
1socyanate reactive groups to hydroxyl reactive groups of
about 1:1. Any diisocyanate may be used, provided that the
segment between 1socyanate groups 1s not too short to steri-
cally hinder the reaction of both 1socyanate groups with a free
hydroxyl group on a relevant block. Preferable the diisocy-
anate chosen 1s biocompatible, and may be biodegradable. In
one particular embodiment, the diisocyanate 1s an alkylene
duisocyanate, for example hexamethylene diisocyanate
(HDI).

The reaction with the ditsocyanate may be performed at
clevated temperatures, for example between 50° C. and 80° C.

The resultant polymers may be 1solated and purified from
the reaction mixture using known techniques, for example by
precipitation or by filtration.

The presently described polymer 1s usetul for the delivery
of drugs or other therapeutic agents to sites within a subject’s
body, or for use as scatfolding for tissue engineering appli-
cations, cell support matrices or as wound coverings. Thus, 1t
may be desirable to mcorporate various therapeutic agents,
including drugs and growth factors, into compositions con-
taining the polymer.

Thus, 1n one aspect there 1s provided a composition com-
prising the present polymer and a therapeutic agent.

The composition comprises sulficient concentration of the
polymer to gel under desired conditions, which will depend in
part on the CGC of the polymer. For example, the composi-
tion may comprise from about 1 wt % to about 20 wt % of the
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polymer, from about 2 wt % to about 10 wt % of the polymer,
or from about 2 wt % to about 6 wt % of the polymer.

In certain embodiments, the composition 1s a solution at a
temperature below the gelation temperature of the polymer,
and forms a gel at or slightly above the gelation temperature
of the polymer. Thus, the composition may further comprise
a solvent. In certain embodiments the solvent 1s an aqueous
solvent, and the composition 1s a hydrogel above the gelation
temperature of the polymer.

The composition may further comprise a therapeutic agent.
The therapeutic agent may be any compound that 1s to be
delivered to cells 1n culture or 1s to be delivered within the
body of a subject. For example, the therapeutic agent may be
a nucleic acid, including DNA, a peptide, a protein, a small
molecule, or a cell. The therapeutic agent may be an antibody,
an antigen, a ligand, a hormone, a growth factor, a cell sig-
nalling molecule, a cytokine, an enzyme inhibitor. The thera-
peutic agent may be an antibiotic, a chemotherapeutic agent,
an anti-inflammatory agent, an analgesic.

The concentration of therapeutic agent to be included 1n the
composition will vary depending on the particular therapeutic
agent, the site of delivery, the age, weight and sex of the
subject and the particular reason for delivery of the therapeu-
tic agent and may be routinely determined by one skilled 1n
the art. Compositions can be prepared to contain an effective
amount meaning the amount sufficient to achieve the desired
elfect.

The composition may further comprise a pharmaceutically
acceptable diluent or carrier. In general, a diluent or carrier 1s
selected on the basis of the mode and route of administration,
and standard pharmaceutical practice. Suitable pharmaceuti-
cal carriers or diluents, as well as pharmaceutical necessities
for their use 1n pharmaceutical formulations, are described 1n
Remington’s Pharmaceutical Sciences.

There 1s also provided a method of delivering a therapeutic
agent to a subject, the method comprising delivering the
present composition containing the polymer and a therapeutic
agent to the body of a subject.

The composition may be delivered by implantation. For
example, the composition may already be gelled prior to
implantation and may be delivered by surgical implantation
methods. Alternatively, the implantation may comprise injec-
tion of the composition 1 liquid form to a site within a
subject’s body, where the composition then gels upon equili-
brating to the body temperature of the subject.

The subject may be any subject that 1s 1n need of receiving,
the therapeutic agent, including a mammal, including a
human subject.

There 1s also contemplated use of the present polymer,
including for the manufacture of amedicament, for delivering
a therapeutic agent to the body of a subject.

The present polymers, methods, compositions and uses are
turther exemplified by the following non-limiting examples.

EXAMPLES

Example 1

Potentially biodegradable and biocompatible polymers
comprising PHB, PEG and PPG connected by urethane link-
ages have been successiully synthesized. PEG and PPG
molar ratios were fixed at approximately 2:1 various amounts
of PHB were incorporated, using hexamethylene diisocyan-
ate (HDI) as a coupling agent. The polymers chemical struc-

ture and molecular characteristics were studied with GPC, 'H
NMR, *C NMR and FTIR, which confirmed the architecture

of the multiblock poly(PHB/PEG/PPG urethane)s. The GPC
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results indicated that the synthesized poly(PHB/PEG/PPG
urethane)s had high molecular weights with relatively narrow

molecular weight distributions. The contents of PHB segment
in the poly(PHB/PEG/PPG urethane)s calculated from 'H
NMR ranged from 2.1 to 12.7 wt %.

The thermal stability of the poly(PHB/PEG/PPG ure-
thane)s was studied by TGA, and three separate thermal deg-
radation steps corresponding to PHB, PPG, and PEG seg-
ments were observed, from which the PHB contents were

calculated and the results were 1n good agreement with those
from the 'H NMR measurements. The poly(PHB/PEG/PPG
urcthane)s presented better thermal stability than the PHB
Precursors.

The CMC values of the water-soluble copolymers were
determined by the dye solubilization method. The CMC val-
ues of the copolymers in this work ranged from 5.16x10™* to
0.79x10™* g.mol™". On the basis of the dye solubilization and
'°C NMR experiments, the micelle is concluded to have a
hydrophobic core made up of PHB and PPG segments and an
outer hydrophilic corona of PEG.

The sol-gel transitions of the aqueous copolymers were
studied and a phase diagram showing the various soluble and
gel regions as a function of temperature and concentration of
the solution were generated. The critical gelation concentra-
tion of the copolymers in this work ranged from 2-5 wt %. '°C
NMR of the gel solution was obtained at various tempera-
tures. From the profiles of the NMR spectra, the sol-gel tran-
sition can be elucidated, offering method of studying the
sol-gel transition at a molecular level. The viscosities of the
EPH2 gel at various concentrations were studied and were
found to be higher than the Pluronics F127 gel (20 wt %),
even at the critical gelation concentration of 2 wt %.

Materials.

Natural source poly[(R)-3-hydroxybutyrate] (PHB) was
supplied by Aldrich, and purified by dissolving in chloroform
tollowed by filtration and subsequent precipitation in hexane
before use. The M, and M of the purified PHB were 8.7x10%
and 2.3x10°, respectively. Poly(ethylene glycol) (PEG) and
poly(propylene glycol) (PPG) with M, of ca. 2000 was pur-
chased from Aldrich. Purification of the PEG was performed
by dissolving 1n dichloromethane followed by precipitation
in diethyl ether and vacuum dried belfore use. Purification of

PPG was performed by washing in hexane three times and
vacuum dried betore use. The M, and M_ , of PEG were found

to be 1890 and 2060, respectlvely The M and M of PPG *
were found to be 2180 and 2290, respectlvely B13(2-meth-
oxyethyl)ether (diglyme, 99%), ethylene glycol (99%), dibu-
tyltin dilaurate (95%) 1,6-hexamethylene diisocyanate (HDI)
(98%), methanol, dlethyl cther, 1,2-dichloroethane (99. 8%)

and 1,6-diphenyl-1,3,5 hexatrlene (DPH) were purchased
from Aldrlch Dlglyme was dried with molecular sieves, and

1,2-dichloroethane was distilled over CaH,, before use.
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Synthesis of Poly(PHB/PEG/PPG Urethane)s.
Telechelic hydroxylated PHB (PHB-diol) prepolymers

with various molecular weight were prepared by transesteri-
fication between the natural source PHB and ethylene glycol
using dibutyltin dilaurate in diglyme as reported previously

(24-26). The yields were about 80%. Poly(PHB/PEG/PPG
urethane)s were synthesized from PHB-diol, PEG and PPG
with molar ratios of PEG/PPG fixed at approximately 2:1 and

PHB content ranging from 5 to 20 mol % (calculated from the
M_ of PHB-diol) using HDI as a coupling reagent. The
amount of HDI added was equivalent to the reactive hydroxyl
groups 1n the solution. Typically, 0.064 ¢ of PHB-diol
(M, =1070, 6.0x107> mol), 1.44 g of PEG (M, =1890, 7.6x
10™* mol) and 0.82 g of PPG (M, =2180, 3.8x10~* mol) were
dried 1n a 250-ml two-neck flask at 50° C. under high vacuum
overnight. Then, 20 ml of anhydrous 1,2-dichloroethane was
added to the flask and any trace water 1n the system was
removed through azeotropic distillation with only 1 ml of
1,2-dichloroethane being left 1in the flask. When the flask was
cooled down to 75°C., 0.20 g of HDI (1.2x107° mol) and two
drops of dibutyltin dilaurate (~8x107> g) were added sequen-
tially. The reaction mixture was stirred at 75° C. under a
nitrogen atmosphere for 48 hrs. The resultant copolymer was
precipitated from diethyl ether, and turther purified by redis-
solving 1into 1,2-dichloroethane followed by precipitationin a
mixture of methanol and diethyl ether to remove remaining
dibutyltin dilaurate. A series of poly(PHB/PEG/PPG ure-
thane)s with different compositions of PHB were prepared,
and their number-average molecular weight and polydisper-
sity values are given 1n Table 1. The yield was 80% and above

after isolation and purification. "H NMR (CDCI,) of poly
(PHB/PEG/PPG urethane)s EPH2: 6 (ppm) 1.14 (—O(C
H,)CHCH,O—), 1.26 (—O(CH,)CHCH,CO—), 1.32
(—OOCNHCH,CH,CH,CH,CH,CH,NHCOO—), 1.48
(—OOCNHCH,CH,CH,CH,CH,CH,NHCOO—),
2.44-2.63 (—O(CH,)CHCH,CO—), 3.13 (—OOCNHC
H,CH,CH,CH,CH,CH,.NHCOO—), 341 (—O(CH,)C
HCH,O—), 346 (—O(CH,)CHCHH,O—), 3.64 (—OC
H,CH,0—), 4.20 (—OOCNHCH,CH,CH,CH,CH,CH,N

HCOO—), 5.21-5.29 (—O(CH,)CHCH,CO—). 13C NMR
of EPH2 (CDCl,) of poly(PHB/PEG/PPG urethane)s:
(ppm) 17.77 (—O(CH;)CHCH,O0—), 20.14 (—O(
CHS)CHCHZCO—),, - 26.69  (—OOCNHCH,CH,CH,
CHZCHZCHZNHCOO—L 30.26 (—OOCNHC
CH,CH,CH,CH,CH,NHCOO—), 41.20 (—O(CH, )CH
CH,CO—), 64.18 (—OOCNHCH,CH,CH,CH,CH,
CH,NHCOO—), 67.99 (—O(CH3)(THCH2CO—), 70.94
(_—OCHZCHZO—), 73.56 (—O(CH,)CHCH,O—), 75.72
(—O(CHQCHCH O—), 156.82 (—OO0
CNHCH,CH,CH,CH,CH,CH ,NHCOO—), 169.98 (—OO
(CHs, )CHCH CO—)

TABLE 1

Molecular Characteristics of Poly(PHB/PEG/PPG urethane)s

M _of Composition in

PHB Feed ratio copolymer Copolymer characteristics

used? (wt %) (wt %)° cme?
Copolymer®* (gmol™) PHB PEG PPG PHB PEG PPG M °(x10°) M /M >  (g/mL)
EPH1 1070 2.8 61.77 335 2.1 64.0 339 50.6 1.56 9.79 x 10~
EPH?2 1070 56 599 345 5.1 57.0 37.9 45.5 1.3%8 8.69 x 1074
EPH3 1070 8.7 580 334 8.1 563 35.7 42.5 1.37 5.16 x 107
EPH4 1070 11.8 559 322 114 61.6 27.0 37.8 1.16 —°
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TABLE 1-continued

12

Molecular Characteristics of Poly(PHB/PEG/PPG urethane)s

M, of Composition 1n

PHB Feed ratio copolymer Copolymer characteristics

used? (wt %) (wt %) cmc?
Copolymer® (gmol™') PHB PEG PPG PHB PEG PPG M, “>(x10°) M /M°  (g/mlL)
EPHS 2800 6.9 59.1 34.0 7.1 633 29.7 39.2 1.18 8.88 x 107
EPH6 2800 13.6 348 31.6 127 39.0 283 30.0 1.20 —°

“Poly(PHB/PEG/PPG urethane)s are denoted EPH, E for PEG, P for PPG and H for PUB.

The M,, of PEG and PPG used for the copolymer synthesis was 1890 and 2180 g m-:::-l_l, respectively.

"Determined by GPC.
“Calculated from 'H NMR results.

Critical micellization concentration (cmc) 1n water determined by the dye solubilization techmque at 25° C.

*Copolymers not water-soluble.

Molecular Characterization.

Gel permeation chromatography (GPC) analysis was car-
ried out with a Shimadzu SCL-10A and LC-8A system
equipped with two Phenogel 5p 50 and 1000 A columns (size:
300x4.6 mm) 1n series and a Shimadzu RID-10A refractive
index detector. THF was used as eluent at a flow rate of 0.30
ml/min at 40° C. Monodispersed poly(ethylene glycol) stan-
dards were used to obtain a calibration curve. The 'H NMR
(400 MHz) and '>C NMR (100 MHz) spectra were recorded
on a Bruker AV-400 NMR spectrometer at room temperature.
The 'H NMR measurements were carried out with an acqui-
sition time of 3.2 s, a pulse repetition time of 2.0 s, a 30° pulse
width, 5208 Hz spectral width, and 32K data points. Chemi-
cal shift was referred to the solvent peaks (6=7.3 ppm for
CHCL,). Fourier transform infrared (FTIR) spectra of the
polymer films coated on CaF, plate were recorded on a Bio-
Rad 165 FI-IR spectrophotometer; 64 scans were signal-
averaged with a resolution of 2 cm™" at room temperature.

Thermal Analysis.

Thermogravimetric analyses (TGA) were carried out on a
TA Instruments SDT 2960. Samples were heated at 20° C.
min~' from room temperature to 800° C. in a dynamic nitro-
gen atmosphere (flow rate=70 ml min™).

Critical Micellization Concentration (CMC) Determina-
tion.

The CMC values were determined by using the dye solu-
bilization method (27, 28). The hydrophobic dye 1,6-diphe-
nyl-1,3,5-hexatriene (DPH) was dissolved in methanol with a
concentration of 0.6 mM. 20 uL. of this solution was mixed
with 2.0 mL of copolymer aqueous solution with concentra-
tions ranging from 0.0001 to 0.5 wt % and equilibrated over-
night at4° C. A UV-Vis spectrophotometer was used to obtain
the UV-Vis spectra in the range of 330-430 nm at 25° C. The
CMC value was determined by the plot of the difference 1n
absorbance at 378 nm and at 400 nm (A;-q-A,5,) VErsus
logarithmic concentration.

Sol-Gel Transition.

The sol-gel transition was determined by a test tube invert-
ing method with temperature increments of 2° C. per step
(22a, 29). Each sample of a given concentration was prepared
by dissolving the polymer 1n distilled water in a 2-mL vial.
After equilibration at 4° C. for 24 h, the vials contaiming
samples were immersed 1n a water bath at a constant desig-
nated temperature for 15 min. The gelation temperature was
characterized by the formation of a firm gel that remained
intact when the tube was inverted by 180° (3 O) Viscosities of
the hydrogels were measured at 25° C. using a Brookfield
HADV-111+ digital viscometer coupled to a temperature-con-
trolling unit. The small sample adapters SSA 15/7R was used.
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The revolution rate of the spindle was set at 20 cycles min™"

and shear rate was set at 9.6 s™°

Rheology Studies.

Viscostities of the hydrogels were measured at 25° C. using
a Brooktield HADV-111+ digital viscometer coupled to a tem-
perature-controlling umt. The small sample adapters SSA
15/7R was used. The revolution rate of the spindle was set at
20 cycles.min™' and shear rate was set at 9.6 s™*.

Drug release experiments. Aqueous solutions comprising,
of 5% (w/v) copolymer were mixed and left to equilibrate
overnight at 4° C. Appropniate amounts of BSA were loaded
to make the concentration of BSA 1n the polymer solution 5
mg.ml.~". For comparison, 30% (w/v) of Pluronics F127 in
aqueous solutions was prepared. The concentration of BSA 1n
these solutions was also 5 mg.mL~'. 1 mL of polymer solu-
tions were 1njected into porous cellulose membranes (pore
s1ze: about 100 um) and left to equilibrate at 37° C. The
polymer slabs obtained had dimensions of (10 mmx25 mmx4
mm) and were placed in 25 mL of phosphate bulifer release
solutions. Fresh batches of release solutions were replaced at
various time intervals. Experiments were done 1n triplicate.
The resultant solutions were lyophilized and lyophilized
samples were kept at —80° C. FIG. 11 illustrates BSA protein
release profiles from the poly(PHB/PEG/PPG urethane)
copolymer hydnogels 1n comparison with the Pluronic F127
hydrogel (Legend: A: EPHI1, U: EPH2, x: EPH3 +: Pluronics
F127).

Results and Discussion

Synthesis and Characterization of Poly(PHB/PEG/PPG
Urethane)s.

Previously, we reported the synthesis and biodegradation
behaviour of amphiphilic multiblock poly(ether ester ure-
thane)s consisting of PEG and PUB blocks (24-26). These
water-insoluble copolymers could not undergo a sol-gel tran-
sition and were non-thermosensitive. However, 1n this study,
water-soluble and therraosensitive poly(PHB/PEG/PPG ure-
thane)s were synthesized, and for the first time PHB has been
incorporated into a thermogelling copolymer, to enhance the

gel properties as well as to make the copolymers biodegrad-

able.

Telechelic hydroxylated PUB (PHB-diol) with lower
molecular weight were obtained through transesterification
between high-molecular-weight natural source PHB and eth-
ylene glycol using dibutyltin dilaurate as catalyst (24). The
transesterification reaction was allowed to proceed for a few
hours to overnight to produce PHB-diols with M, of 1070,
and 2800, respectively, as determined by GPC. The reaction
of hydroxyl groups of PHB-diol, PEG and PPG with 1socy-
anate of 1,6-hexamethlyene diisocyanate (HDI) 1n the pres-
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ence of dibutyltin dilaurate led to formation of poly(PHBY/
PEG/PPG urethane)s. The procedures for the synthesis of
PHB-diol and poly(PHB/PEG/PPG urethane)s are presented
in FIG. 1. Owing to the moisture sensitive nature, any trace
water 1n the system was removed through azeotropic distilla-
tion, and the reaction was carried out in dried 1,2-dichloroet-
hane under a nitrogen atmosphere. The target poly(PHB/
PEG/PPG urethane)s were 1solated and purified from the
reaction mixture by repeated precipitation from a mixture of
methanol and diethyl ether.

A series of random multiblock poly(PHB/PEG/PPG ure-
thane)s with different amounts of PHB incorporated were
synthesized, and their molecular weights and molecular
weight distributions were determined by GPC (Table 1). A
typical GPC chromatograph for one of the poly(PHB/PEG/
PPG urethane)s together with 1ts corresponding precursors 1s
shown 1n FIG. 2. The observation of unimodal peak in GPC
chromatograph of the purified poly(PHB/PEG/PPG ure-
thane) with non-overlapping nature with those of correspond-
ing precursors indicates that a complete reaction took place
with no unreacted precursor remaining (24-26). All the poly
(PHB/PEG/PPG urethane)s synthesized had narrow molecu-
lar weight distribution and high molecular weight, with poly-
dispersity ranging from 1.16 to 1.56 and M, 3.00x10% to
5.06x10%. The results are tabulated in Table 1.

The chemical structure of poly(PHB/PEG/PPG urethane)s
was verified by 'H NMR and '°C NMR spectroscopy (FIG.
3a & b). FIG. 3a shows the '"H NMR spectrum of EPH2 in
CDCl;, 1n which all proton signals belonging to each of PHB,
PEG and PPG segments are confirmed. Signals Correspond-
ing to methylene protons 1n repeated units of PEG segments
are observed at 3.64 ppm, the signals at 5.25 ppm are assigned
to methine protons in the repeated unit of PHB segments
(24-26), the signals at 1.14 ppm are assigned to the methyl
protons of PPG. As the content of HDI among the starting,
materials 1s below 1 wt %, the compositions of the poly(PHB/
PEG/PPG urethane)s could be determined from the integra-
tion ratio of resonances at 1.14,3.64 and 5.25 ppm within the
limits of '"H NMR precision, and the results are shown in
Table 1.

The *°C NMR was used to ascertain the chemical compo-
sition of the poly(PHB/PEG/PPG urethane)s. The peak
assignments of the copolymers were performed by compari-
son with the ">C NMR spectra of the precursors. FIG. 35
shows the '°C NMR spectra of EPH2 in CDCl,. Briefly, peaks
at 17.77 (methyl C), 73.56 (methylene C) and 73.72 ppm
(methine C) are assigned to the PPG moiety. A peak at 70.94
ppm 1s assigned to the methylene C of the PEG segment.
Peaks at 20.14 (methyl C), 41.20 (methylene C), 67.99 (me-
thine C) and 169.98 ppm (carbonyl C) are attributed to the
PHB segment. In addition, peaks due to the HDI junction unit
could be observed 1n the spectra (26.69, 30.26, 64.18 and
156.82 ppm).

A °C NMR spectrum of hexamethylene diisocyanate was
obtained and the carbonyl carbon peak was observed at
122.85 ppm. After the polymerization reaction, the *°C peak
of the carbonyl carbon of the newly formed urethane linkage
was observed at 156.82 ppm. This shift was attributed to the
attachment of the hydroxyl groups to the 1socyanate func-
tional groups in the formation of the urethane linkage
(—NCO———NHCOO—). This observation, together with
the concomitant increase in the molecular weight of the
copolymers indicates that the polycondensation reaction was
successiul.

FTIR 1s usetul 1n the characterization of the functional
groups present in the polymer. As a typical example, FI1G. 4
shows FTIR spectra of EPH2 and its PEG, PPG and PHB,
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precursors. For PPG (FIG. 4¢) and PEG (FIG. 4d), the char-
acteristic C—0O—C stretching vibration of the repeated
—QOCH,CH,— units is observed at 1102 cm™'. An intensive

carbonyl stretching band at 1723 cm™' characterizes the FTIR
spectrum of pure PHB-diol as shown 1n FIG. 4a. It 1s clearly
seen that 1n FIG. 4b, all the characteristic absorptions for

PHB-diol, PEG and PPG appear in the spectrum of EPH2,
which confirms the presence of the three segments in the

poly(PHB/PEG/PPG urethane)s. Furthermore, 1t can be seen
in the profile of EPH2 that the peak ascribed to the —NCO—
stretching was not observed in the region around 2200 cm™'.
This provides evidence that the i1socyanate groups of the
junction unmits have been reacted and are not present 1n the
polymer product. These observations, together with the afore-
mentioned evidences (GPC and NMR results) provide a solid
justification for the successiul synthesis of the multiblock
copolymers.

Thermal Properties.
The thermal stability of poly(PHB/PEG/PPG urethane)s

was evaluated using thermogravimetric analysis (TGA). FIG.
5 shows the TGA scan results for EPH2 compared with 1ts
PHB, PEG and PPG precursors. The degradation of pure
PHB-d1ol starts at 218° C. and completes at 295° C. (FI1G. 5a),
PPG starts to degrade at 350° C. (FIG. 5¢) while that of pure
PEG starts at 400° C. (FIG. 5b), at which pure PHB-d1ol has
completed the degradation. EPH2 undergoes a three-step
thermal degradation with the first step occurring between 227
and 303° C. and the second and third steps between 350 and
433° C. (FIG. 5d). In comparison with the TGA curves of pure
PHB-d10l and pure PEG, the first weight loss step 1s attributed
to the decomposition of PHB segment and the second and
third weight loss step to the decomposition of both the PEG
and PPG segments. However, the second and third weight loss
steps are too close for the accurate determination of the com-
positions of PPG and PEG separately. Therefore, only the
PHB content of EPH2 could be determined from the degra-
dation profile. Similar weight loss curves were also observed
tor other poly(PHB/PEG/PPG urethane)s. The PHB contents
estimated from TGA results are 1n good agreement with those
calculated from 'H NMR.

Critical Micellization Concentration (CMC) Determina-
tion.

Of the 6 poly(PHB/PEG/PPG urethane)s, only EPHI,
EPH2, EPH3 and EPHS5 were soluble in water. The CMC
determination was carried out for these four copolymers. This
experiment was conducted by varying the aqueous polymer
concentration in the range of 0.0001 to 0.5 wt %, while
keeping the concentration of DPH constant. DPH shows a
hlgher absorption coelficient 1n a hydrophobic environment
than 1n water. Thus, with increasing polymer concentration,
the absorbances at 344, 358 and 378 nm increased (FIG. 6a).
The point where the absorbance suddenly increases corre-
sponds to the concentration at which micelles are formed.
When the micelle 1s formed, DPH partitions preferentially
into the hydrophobic core formed in the agueous solution
(22a, 277-29). The CMC was determined by extrapolating the
absorbance at 378 nm minus the absorbance at 400 nm (A ;- 4—
A, q5) versus logarithmic concentration (FIG. 65). The CMC
values for the water-soluble copolymers are tabulated in
Table 1 and are in the range of 5.16x107* to 9.79x10™* g.
ml.~'. Comparing the copolymers of similar molecular
weights, the CMC values are much lower than that reported
by Ahn etal. for a series of multiblock poloxamer copolymers
(19), showing that the incorporation of PHB greatly increases
the hydrophobicity of the copolymers, resulting 1n a decrease

in the CMC values.
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The “C NMR was used to investigate the effect of solvent
on the micelle structure (29, 31-34). CDCI, 1s a good nonse-
lective solvent for PHB, PEG and PPG while water 1s a good
selective solvent for PEG but poor for PPG and PHB. As
shown 1n FIG. 7, in CDCI,, the peaks due to the PHB, PEG
and PPG were sharp and well defined. In D,O, PEG 1s shown
as a sharp peak but the PHB and the PPG peaks are collapsed
and broadened. This shows that the molecular motion of PHB
and PPG 1s slow 1n water, indicating a hydrophobic core
structure made up of PHB and PPG with PEG as the outer
corona structure, confirming the core-corona structure of the
micelle (31-33). However, in the light of the multiblock archi-
tecture of the copolymers, 1t 1s not reasonable to expect that
the stmple micelles of an ABA-type amphiphilic polymer be
formed. Instead, 1t would be more plausible to consider an
associated micelle model 1n the consideration of the above
results. An associated micelle structure could be formed by

the network-like packing of the polymer chains, as illustrated
in FIG. 8.

Thermo-Reversible Sol-Gel Transition of the Copolymers.

The phase diagrams of the poly(ester urethane)s 1n aqueous
solutions were determined by the test tube inverting method
(22a,29). The results are shown 1n FIG. 9. Three regions can
be 1dentified from the diagram, the lower soluble region, gel
region and the upper soluble region. As the temperature
increased monotonically from 4 to 80° C., the aqueous poly-
mer solution underwent a sol-gel-sol transition. The critical
gelation concentration 1s defined as the minimum copolymer
concentration required in aqueous solution before the gela-
tion behavior could be observed. The critical gelation con-
centrations of the copolymers 1n this work were found to be
between 2-5 wt %. These values are much lower that that
reported for many thermogelling copolymers (19-22, 28-30,
32, 37). Examining the gelation properties of the EPH series
ol copolymers, 1t appears that the incorporation of a small
amount of PHB led to a decrease in the critical gelation
concentration (EPH1—=EPH2). However, upon further addi-
tion of PHB, the critical gelation concentration increased
(EPH2—EPH?3).

The molecular environment changes occurring in the sol-
gel transition of a 5 wt % gel solution 1n D,O was monitored

by "“C NMR technique at different temperatures (FIG. 10). In
the soluble state, the peaks ascribed to the PEG, PPG and the
PHB segments were sharp and well defined as the segments
interacted freely with the solvent molecules 1n the aqueous
environment. At temperatures corresponding to the gel state,
these peaks were collapsed and broadened. This phenomena
has been attributed to the lower dynamic motion of these
copolymer segments 1n the gel state (22a, 28, 29, 31-33, 35).
Upon further increase 1n the temperature, the turbid sol state
was obtained and the peaks were consequently seen as sharp
and well defined again. This reflects an increase 1n molecular
motion, disruption of the core-corona structure and an expo-
sure ol the hydrophobic core to the aqueous environment (31,
35). It has been reported that PEG dissolved 1n aqueous solu-
tion becomes dehydrated at higher temperatures (36). At the
turbid sol transition state, there could be significant dehydra-
tion ol the PEG segments, leading to a phase separation
between the polymer and water. This disrupts the core-corona
structure and consequently the hydrophobic core 1s exposed
to the aqueous environment (32). In the gel state, the PEG,
PPG and PHB peaks were broadened and collapsed as com-
pared with the peaks observed 1n the sol state. This could be
due to the network-like packing of the multiblock polymer
chains, with the motion of all the components 1n the copoly-
mer becoming restricted to a certain extent. This technique
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studies the sol-gel transition at the molecular level and offers
insights on the packing mechanism for the gel formation
pProcess.

The viscosities of the hydrogels were studied as a function
of temperature. In general, the transition temperature corre-
sponded well with the transition temperature determined
using the test tube mverting method. As shown 1n FIG. 11, as
the concentration of EPH2 1n aqueous solution increased, the
viscosity of the gel increased. It 1s interesting to note that at
the critical gelation concentration of EPH2 (2 wt %), the
hydrogel displayed a higher maximum viscosity (43,000 cP)
than a hydrogel that 1s comprised of 20 wt % Pluronics F127
(33,000 cP). This result clearly shows that the gels of this
work are studier than that of the Pluronics F127 gels. Above

3 wt %, the EPH2 gels attained a maximum viscosity ol more

than 55000 cP.

Release of Loaded Protein.

The increased viscosity of the gels allowed long term sus-
tained release of the model protein, BSA. Preliminary studies
showed that sustained release of up to 70 days was achievable
with our system. The in vitro release kinetics of the model
protein BSA released from the new copolymer hydrogels was
studied and compared with Pluronics F127 hydrogel (FIG.
12). Pluronic F127 gel released its entire content of BSA
within 4 hours but the gels formed by the new copolymers
were able to achieve a sustained release of at least 30 days.
The results also demonstrate that tunable release profiles
could be obtained by adjusting the composition of the copoly-
mers.

Proposed Sol-Gel Transition Mechanism.

Without being limited to any particular theory, based on the
collated results of the micellar and gelation studies we can
propose a sol-gel transition mechanism for this multiblock
copolymer system as follows. The amphiphilic block copoly-
mers form associated micelles at concentrations 1n the region
of 0.1 wt %. These micelles comprise the hydrophobic PPG
and PHB core and the hydrophilic PEG corona that interacts
with the water molecules. Upon increasing the concentration
to about 2 wt %, the solution 1s thermoresponsive, existing as
solutions at low temperatures and forming gels at elevated
temperatures. From a solution state at low temperatures, a
monotonic increase 1n temperature causes the PEG segments
to become slightly dehydrated. This provides the driving
force for the micellar aggregation as the hydrophobicity and
hydrophilicity of the system achieves a balanced state. The
PEG corona would self-associate instead of interacting with
the neighboring water molecules, forming micelle aggre-
gates. As the micelle aggregates form a close packed struc-
ture, a gel state 1s observed. Further increase in temperature
leads to a significant dehydration and the eventual collapse of
the PEG corona. This results 1n the disruption of the core-
corona structure and exposes the hydrophobic core to the
aqueous environment. This leads to the formation of a soluble
turbid state observed at high temperatures.

These multiblock copolymer gels possess lower CMCs and
CGCs than the widely studied thermogelling copolymers of
the triblock architecture. This could be in part due to the
increased association of the micelles brought about by the
multiple segments that link the micelles together 1n a net-
work-like structure. These segmental links facilitate the
micellar aggregation process by reducing the degree of free-

dom possessed by the individual micelles. Cohn et al. devel-
oped a series ol PEG/PPG/PCL multiblock copolymers

which showed higher CGCs as compared with PEG/PPG
multiblock copolymers (21). This was attributed to the spatial
clfect of the caprolactone segments, which affects the pack-
ing of the polymer chains. In this work, we observed that the
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CGC value of the copolymer 1s dependent on the amount of
PHB incorporated into the copolymer. Comparing EPH1 and
EPH?2, at very low PHB levels, the effect of the spatial hin-
drances due to the PHB segments were superseded by the
strong hydrophobic interaction between the PHB segments.
However, a further increase in the PHB content increased the
CGC of the copolymer, EPH3, reflecting the spatial effect of
the PHB segment on the packing of the polymer chains. (FIG.
9) Comparing the CGC values of EPH3 and EPHS5 (3 wt %
and 6 wt %, respectively), copolymers of similar PHB content
but having different PHB block lengths, 1t appears that longer
PHB segments would lead to a greater spatial hindrance and
thus lead to a higher CGC value. This shows that the block
length and the content of PHB incorporated into the copoly-
mer could be utilized as parameters 1n the control of the
properties of the thermogelling polymers.

Example 2
Cell Cultivation

[.929 mouse fibroblasts were obtained from ATCC and
cultivated 1n DMEM containing 10% {fetal bovine serum
(FBS) and 1% penicillin/streptomycin. Cells grow as a mono-
layer and were passaged upon contluence using trypsin (0.5%
w/v 1 PBS). L929 cells were harvested from culture by
incubating 1n trypsin solution for 15 min. The cells were
centrifuged and the supernatent was discarded. 3 mL of
serum-supplemented DMEM was added to neutralize any
residual trypsin. The cells were resuspended 1n serum-supple-
mented DMEM at a concentration of 2x10% cells 1 mL. Cells
were cultivated at 37° C. and 5% CQO.,,.

Growth on Gel Surface.

EPH copolymers (5 wt %) and F127 copolymers (20 wt %)
were dissolved in DMEM. 0.5 mL of the polymer solution
was transierred to each well 1n a 24-well cell culture plate and
allowed to incubate at 37° C. for 1 hr. 0.5 mL of the suspended
cell solution was added to each well (10* cells/well). The cell
culture plate was allowed to 1incubate for 3 days. Cells were
observed using an 1nverted microscope (Olympus) (magnifi-
cation=200x) at time 1ntervals of 1, 2 and 3 days.

Results are shown 1n FIGS. 13 (F127) and 14 (EPH poly-
mers ).

Cell Cultivation.

[.929 mouse fibroblasts were cultivated and harvested as
previously described. The cells were resuspended 1n serum-
supplemented DMEM at a concentration of 3x10* cells/mL.

In Vitro Cell Viability Direct Method.

To compare the biocompatibility of EPH copolymers and
F12°7 copolymers, in vitro cytotoxicity tests were performed
by MT'T assay 1n a 96-well cell culture plate. EPH copoly-
mers and F127 copolymers were dissolved in DMEM (maxi-
mum concentration: 100 mg/mL). Cells were seeded at a
density of 3x10° cells/well. Phenol was used as a cytotoxic
control. Cells not exposed to any biomaterials were used as a
positive control. The plates were incubated at 37° C. 1n a
humidified 5% CO,, atmosphere. After 3 days, 10 ul, of 3-(4,
S-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) solution (5 mg/mlL) were added to each well. After 4
h of incubation at 37° C., the MTT solution was removed and
the insoluble formazan crystals that formed were dissolved in
100 uL. of dimethylsulfoxide (DMSQO). The absorbance of the
formazan product was measured at 570 nm using a spectro-
photometer (TECAN SpectrotluorPlus).
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Results are shown 1n FIG. 15.

Obtaining Leachable Products.

1 mL of polymer gels were placed 1n a cellulose bag and
keptin 50 mL of 1xPBS builer solution at 37° C. 1n a shaking
water bath at 50 rpm. 2 mL of the gel extracts were collected
at various time intervals of 1, 3, 7, 14 and 30 days. The

solutions were lyophilized and an equivalent amount of
DMEM solution was added to re-dissolve the residue.
Testing Leachable Products.

-

The biocompatibility of leachable gel products of EPH
copolymers and F127 copolymers were evaluated by MTT
assay. Cells were seeded at a density of 3x10° cells/well. 100
uL of the extract solution in DMEM was added to each well.
Phenol was used as a cytotoxic control. Cells not exposed to
any biomaterials were used as a positive control. The plates
were incubated at 37° C. 1n a humidified 5% CO, atmosphere.
After 3 days, 10 ul. of 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyl tetrazolium bromide (M'TT) solution were added to
each well. After 4 h of incubation at 37° C., the solution in the
wells were removed and the insoluble formazan crystals that
formed were dissolved in 100 ul. of dimethylsulfoxide
(DMSO). The absorbance of the formazan product was mea-

sured at 570 nm using a spectrophotometer (TECAN Spec-
trofluorPlus).

Results are shown i FIGS. 16 (F127) and 17 (EPH poly-
mers ).

As can be understood by one skilled 1in the art, many
modifications to the exemplary embodiments described
herein are possible. The invention, rather, i1s intended to
encompass all such modification within its scope, as defined
by the claims.

All documents referred to herein are fully incorporated by
reference.

Although various embodiments of the invention are dis-
closed herein, many adaptations and modifications may be
made within the scope of the invention 1n accordance with the
common general knowledge of those skilled 1n this art. Such
modifications include the substitution of known equivalents
for any aspect of the invention in order to achieve the same
result in substantially the same way. All technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art of this invention,
unless defined otherwise.
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What 1s claimed 1s:
1. A polymer consisting of one or more poly(ethylene
glycol) blocks, one or more poly(propylene glycol) blocks
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and one or more poly(hydroxybutyrate) blocks, each block
being linked to an adjacent block by a monomer that links
adjacent blocks by urethane linkages, the molar ratio of poly
(ethylene glycol) to poly(propylene glycol) to poly(hydroxy-
butyrate) being 1n the range of about 0.1-10:1:0.01-1 PEG:
PPG:PHB.

2. The polymer according to claim 1 wherein the blocks are
randomly arranged in the polymer.

3. The polymer according to claim 1 wherein the monomer
comprises an alkylene group.

4. The polymer according to claim 3 wherein the alkylene
group 1s a hexamethylene group.

5. The polymer according to claim 1 wherein the at least
one poly(ethylene glycol) block has a number average
molecular weight of about 10 000 g.mol™" or less.

6. The polymer according to claim 1 comprising about 65
wt % or less of poly(ethylene glycol).

7. The polymer according to claim 1 wherein the at least
one poly(propylene glycol) block has a number average
molecular weight of about 10 000 g.mol™" or less.

8. The polymer according to claim 1 comprising about 40
wt % or less of poly(propylene glycol).

9. The polymer according to claim 1 wherein the at least
one poly(hydroxybutyrate) block has a number average
molecular weight of about 10 000 g.mol™" or less.

10. The polymer according to claim 1 comprising about 10
wt % or less of poly(hydroxybutyrate).

11. The polymer according to claim 1 wherein the molar
ratio of poly(ethylene glycol) to poly(propylene glycol) 1s
from about 1:1 to about 3:1.

12. The polymer according to claim 1 having a number
average molecular weight of about 60 000 g.mol™" or less.

13. The polymer according to claim 1 having a critical
gelation concentration from about 1 wt % to about 10 wt % 1n
solution.

14. A composition comprising a polymer of claim 1 and a
therapeutic agent.

15. The composition according to claim 14 comprising
from about 1 wt % to about 20 wt % of the polymer.

16. The composition according to claim 14 that has a criti-
cal gelation temperature below 37° C.

17. The composition according to claim 14 wherein the
therapeutic agent 1s a nucleic acid, including DNA, a peptide,
a protein, a small molecule, a cell, an antibody, an antigen, a
ligand, a hormone, a growth factor, a cell signalling molecule,
a cytokine, an enzyme inhibitor, an antibiotic, a chemothera-
peutic agent, an anti-inflammatory agent, or an analgesic.

18. A method of making a polymer of claim 1, the method
comprising reacting poly(hydroxybutyrate)-diol, poly(ethyl-
ene glycol) and polypropylene glycol) with a diisocyanate.

19. The method according to claim 18 wherein the diiso-
cyanate 1s hexylmethylene diisocyanate.

20. A method of delivering a therapeutic agent to a subject,
the method comprising delivering a composition of claim 14
to the body of a subject.

21. The method according to claim 20 wherein the compo-
sition 1s gelled prior to delivering to the body and delivering
comprises surgical implantation.

22. The method according to claim 20 wherein the compo-
sition 1s a liquid or a hydrogel prior to delivering to the body
and delivering comprises ijection.

23. The polymer of claim 1 formulated together with a
therapeutic agent.

24. 'The polymer of claim 23 formulated to compose from
about 1 wt % to about 20 wt % polymer 1n the formulation.

25. The polymer of claim 23 formulated to have a critical
gelation temperature below 37° C.
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26. The polymer of claim 23 wherein the therapeutic agent antibiotic, a chemotherapeutic agent, an anti-inflammatory
1s a nucleic acid, a peptide, a protein, a small molecule, a cell, agent, or an analgesic.

an antibody, an antigen, a ligand, a hormone, a growth factor,
a cell signalling molecule, a cytokine, an enzyme inhibitor, an %k ok k%
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